THe nucleotide sequence of the Anacystis nidulans 23S rRNA qene, including the 5'-and 3'-flanking regions has been determined. The gene is 2876 nucleotides long and shows higher primary sequence homology to the 23S rRNAs of plastids (84.5%) than to that of E. coli T79%) . The predicted rRNA transcript also shares, many secondary structural features with those or plastids, reinforcing the enaosymbiont hypothesis for the origin of these organelles.
INTRODUCTION
The hypothesis that chloroplasts originated from endosymbiotic bacteria is widely accepted. Overwhelming evidence supporting this idea (1) has come from nucleic acid hybridisation studies of cyanobacterial and Euglena gracilis chloroplast rRNAs (2) ; from ribosomal reconstitution experiments (3) ; from T^-oligonucleotide cataloguing of 16S rRNAs of plastids and cyanobacteria (4, 5, 6) and from comparative primary sequence data of the rRNAs and/or their genes. Most of the latter form of evidence has involved comparisons of chloroplast and E_^ coli rRNAs. However, a contemporary organism more likely to be related to the ancestor of plastids is the cyanobacterium Anacystis nidulans.
In view of this, we have studied one of the two rRNA gene clusters of A_^ nidulans, and have shown it to be similar to those of plastids in the complement and order of genes, except that there is no physically distinct 4.5S rRNA (7). The spacer between the 16S and 23S rRNA genes contains genes for tRNAlle and tRNA A1 a (8) , as do those of Z_^ mays (9) , N_. tabacum (10), and E_. gracilis (11) chloroplasts. The A_. nidulans tRNAs themselves show higher primary sequence homology to those of plastids than to those of E_. coli. The 5S rRNA gene of A.
nidulans also is more homologous to plastid 5S rRNA genes than to the E^ coli 5S rRNA gene (7). Sequence data on the 16S rRNA gene of A_^ nidulans (12) shows the same relationship.
MATERIALS AND METHODS

Materials
Restriction enzymes were purchased from Bethesda Research
Laboratories and New England Biolabs and used as suggested by the manufacturer. Phage M13 cloning vectors, primer and host cells were obtained from New England Biolabs. DNA polymerase I (large fragment) was from Boehringer Mannheim.
[a-32p]-<IATP was synthesized according to the method of Walseth and Johnson (13) .
DNA Preparation and Restriction Mapping
The recombinant plasmid containing the rRNA gene cluster of A_. nidulans was propagated on E_^ coli JF1754 and the DNA purified as described previously (8 subcloned into phage M13 using the restriction enzymes Tag I, Sau Ilia, Hpa II and Rsa I, as shown in Figure 1 (b) . DNA Sequencing Sequencing was done by the dideoxynucleotide chain termination method using the phage M13 system (14) . DNA sequencing gels were 33 x 40 x 0.3 cm and 8% in polyacrylamide (19:1, acrylamide:bis) and contained 8 M urea, 50 mM each of tris base and boric acid, 1 mM EDTA (pH 8.3). The gels were run at 1500 V and several loadings were performed to obtain overlapping sequences. Most regions were sequenced several times and in both orientations.
RESULTS AND DISCUSSION
The nucleotide sequence of the 23S rRNA gene and the 5'-and 3'-flanking regions is presented in Figure 2 . The termini of the 23S rRNA gene were determined by comparison with the published sequence of the E_.
coli 23S rRNA (15) . The gene is 2876 nucleotides long, slightly shorter than that of E^ coli (2904 nucleotides) and longer than that of N_. tabacum chloroplast (2804 nucleotides), excluding the 4.5S rRNA region. It is 54.2% G+C.
The 23S rRNAs of A_^ nidulans and plastids show several additional nucleotides relative to that of E^ coli, as shown in Table 1 . In C^ reinhardii chloroplast, there is a 7S and 3S rRNA 5' to the 23S rRNA gene (16) . These small rRNAs are homologous to the 5 1 terminus of other chloroplast 23S rRNAs and The 3S equivalent is very highly conserved in secondary structure, although primary sequence homology is quite variable (see Table 2 ) . A_. nidulans shows by far the highest homology to the 3S region of C^ reinhardii chloroplast, and also shares a 9-nucleotide insertion in the 7S region relative to the other organisms (see Figure 3) . This may reflect a closer evolutionary not contain a sequence homologous to the 23S-4.5S spacer of Z. mays and N_. tabacum chloroplasts (7) . The region where the 23S-4.5S spacer occurs in plastids is found near a helix which is altered in both plastids and A^ nidulans relative to E_^ coli. Other helices which are altered (or even missing) in A. nidulans and Z_^ mays chloroplast relative to E_^ coli occur at positions 131 (where the helix is absent), 257-312/365-389 (where the equivalent of the 7S-3S and 3S-23S spacers of C^ reinhardii chloroplast are found) and 1721 (where the helix is shortened) of the A. nidulans sequence (see Figure 5 ). For the most part, the secondary structures of the rest of the 23S rRNA molecules of E. coli, A_. nidulans and chloroplasts are superimposable.
The potential helices are of three types: highly conserved (involving only Watson-Crick base pairs), irregular (containing G:U pairs) and highly irregular (containing non-Watson-Crick base pairs, especially G:A pairs and bulged residues). Some helices are highly conserved phylogenetically, while others are extremely variable but maintain secondary structural features.
In the following calculations, each potential helix in the A_. nidulans 23S rRNA molecule was tabulated according to whether it was highly conserved, variable or highly irregular with respect to the 23S rRNAs of E^ coli and Z_^ mays chloroplast (data not shown). Of the highly conserved helices (greater than 85% homology among the three organisms), A_^ nidulans 23S rRNA shares approximately equal homology with those of E_. coli and Z_. mays chloroplast.
Of the variable helices, 80% show more similarity to those of the Z_. mays chloroplast 23S rRNA than to to those of the E^ coli 23S rRNA.
Of the highly irregular helices, 67% show more similarity to those of the Z_. mays chloroplast 23S rRNA than to those of the E_^ coli 23S rRNA. one is shared with Z_. mays chloroplast, one with E_^ coli and two are different in all 3 organisms. Those nucleotides found in single-stranded regions of the molecule tend to be highly conserved, although this is not as pronounced as in the case of the 16S rRNA (21) .
Certain regions of the 23S rRNA molecule are postulated to interact with proteins, tRNAs or other rRNAs. Nucleotides 72-83 of the E. coli 5S rRNA are complementary to nucleotides 143-154 of the E_^ coli 23S rRNA (15) and an interaction between these two regions has been proposed.
There is no complementarity between maize 23S and 5S rDNA in this region. In fact, part of this region has been deleted in the 23S rRNA genes of both A. nidulans and Z_^ mays chloroplast. A region complementary to nucleotides 68-74 of maize 5S rRNA has been found between nucleotides 1846 and 1855 of maize 23S rRNA (19) . Comparable sequence homology between this region of A^ nidulans 5S rRNA and nucleotides 1933-1938 is also present (see Figure 6 ). The region of the 23S rRNA molecule of E^ coli corresponding to that delimited by nucleotides 2220-2347 in the A_^ nidulans 23S rRNA molecule, is also believed to interact with 5S rRNA and proteins L5, L18 and L25 (22). This region shows very similar secondary structure in A_^ nidulans and plastids and is also the region which is deleted in mammalian mitochondrial large subunit rRNA. Mammalian mitochondrial ribosomes lack a 5S rRNA.
Several interactions have also been postulated to occur between 16S and 23S rRNAs in both E^ coli and Z^. mays chlor-oplast (19) .
These interactions are supported by chemical modification studies and similar interactions could occur in A. nidulans (see Figure 6 ). Compensatory base changes have sometimes occurred in the A^ nidulans sequence which maintain the interactions.
In addition, some nucleotide substitutions strengthen these interactions. For example, an A to C change at position 2438 of the A_^ nidulans 23S rRNA molecule relative to that of E. coli allows additional base-pairing to occur with the 16S rRNA molecule. A_. nidulans and chloroplast 23S rRNAs can form very similar secondary structures in the regions believed to interact with proteins L24 and LI in E^ coli (22) as shown in Figure 7 .
The region between nucleotides 2339 and 2562 is believed to be responsible for peptidyl transferase function in E_. coli 23S rRNA. Very similar secondary structures can be formed by the large subunit rRNAs of A.
nidulans, chloroplasts and yeast mitochondria. Chloramphenicol mutants map in this region in
A.
B.
• The 23S rRNAs of some plastids contain "hidden breaks" which may result in the formation of the 4.5S rRNA of higher plants and the 3S and 7S rRNAs of C_. reinhardii. Broad bean chloroplast 23S rRNA has been shown to be unstable at high temperatures and to dissociate into three fragments (24) . This may be a common feature of chloroplast 23S rRNAs, and the sequences in these organelles and in A_.
nidulans corresponding to the 7S-3S and 3S-23S rRNA spacers of C^ reinhardii may also be removed. It is of interest that the 23S rRNA of A^ nidulans also contains a hidden break which results in its dissociation into two fragments (25) .
Since the fragments formed are 0.17 and 0.88 daltons, the break is likely to occur after the first domain or within domain V. The exact location is under investigation. Cyanobacteria are coli and probably serves as a recognition signal for processing by RNase III (28) . Base-pairing also occurs between the regions flanking the 23S rRNA (and 4.5S rRNA in those organisms which contain it) in chloroplasts (20).
In conclusion, from primary sequence studies (see Table 3 ), secondary structural features and physical characteristics of the large subunit rRNA of A_. nidulans, it is clear that it shows more homology to chloroplast 23S rRNAs than to E_. coli 23S rRNA, thus giving further support to the claim that plastids arose from cyanobacterium-like ancestors.
